Regulation of gene expression is important for almost every aspect of cellular function. A crucial strategy is the controlled synthesis of specific mRNAs. Transcription can be divided into three main phases: initiation, elongation, and termination. Separating each phase into substeps (Figure 1 ) is useful for characterizing regulatory mechanisms. Initiation of transcription (formation of the first phosphodiester bond in the newly formed RNA) is preceded by formation of a preinitiation complex (Orphanides et al., 1996) . During transcription by RNA polymerase II (Pol II), the preinitiation complex consists of general transcription factors and Pol II bound to DNA near the transcriptional start site. Assembly of the Pol II preinitiation complex is accompanied by alterations in how DNA is packaged into chromatin. Gene-specific transcription activators, with domains that recognize specific promoter or enhancer sequences, work in conjunction with protein complexes that remodel and modify chromatin to assemble the preinitiation complex. Until recently, it has been the prevailing view that for most genes preinitiation complex assembly, leading to Pol II recruitment, is the principle step at which synthesis of a complete mRNA transcript is regulated (Ptashne and Gann, 1997) . Deviations from this notion, such as transcription of fruit fly heat shock genes and several viral and mammalian genes, were considered to be exceptions to a rather universal rule. There have been previous claims that postinitiation regulation is much more prevalent than generally thought, but it has been difficult to argue this point in the absence of complete surveys. Such studies have now been performed. It turns out that postrecruitment mechanisms are the way in which large sets of genes are regulated in eukaryotes.
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Widespread Postrecruitment Regulation
Observations made during the course of several genomewide studies are starting to shift the view that the rate-limiting and regulated step during transcription of the vast majority of eukaryotic genes is recruitment of Pol II. In the stationary phase of growth in the budding yeast Saccharomyces cerevisiae, Pol II is located on the promoters of several hundred early growth response genes in the absence of transcription (Radonjic et al., 2005) . The first genome-wide survey of mammalian promoters, carried out in primary human fibroblasts, also indicated that preassembled preinitiation complexes can be found at many inactive genes (Kim et al., 2005) . Likewise, mapping histone modifications in pluripotent embryonic stem cells revealed that large numbers of silent genes have epigenetic marks associated with transcription initiation (for example, see Bernstein et al., 2006; Lee et al., 2006) . A more recent and directed study compared transcript levels with Pol II location and epigenetic marks in differentiated mammalian cells as well as in embryonic stem cells (Guenther et al., 2007) . Remarkably, in all cases, clear hallmarks of transcription initiation were found at the promoters of the majority of genes, regardless of their activity. These hallmarks include Pol II occupancy, the presence of nucleosomes with trimethylated lysine 4 on histone H3 (H3K4me3), and acetylated H3K9 and K14. In this study, the 5′ and 3′ ends of some transcripts were mapped, showing that many of the inactive genes exhibiting the hallmarks of transcription initiation truly are initiating, but without completing elongation. These studies imply that recruitment of Pol II is not the rate-limiting step for regulating transcription of many genes.
To what degree should we incorporate these findings into general models of transcription regulation? Although the results of genome-wide analyses are not always easy to interpret, the diversity of model systems used (yeast, Drosophila, and mammalian cells) and the different characteristics investigated (Pol II location, mRNA expression, and epigenetic marks) help to build confidence in the conclusions stemming from these studies. Pol II bound in the vicinity of promoters of inactive genes can therefore no longer be treated as exceptional in general models of eukaryotic transcription regulation. To place these findings into perspective and to direct further investigation, it is helpful to review the steps that take place after transcription initiation and to discuss previously well-characterized examples of genes that are regulated after Pol II recruitment.
Multiple Steps with the Potential for Regulation
Multiple steps occur between Pol II recruitment and productive elongation (Figure 1 ; Saunders et al., 2006) . First the DNA duplex is opened to allow Pol II access to the template strand for initiation to occur. The early steps of transcript synthesis do not proceed smoothly. In reconstituted in vitro assays, tran-scription up to the +8/+10 position is accompanied by multiple rounds of abortive initiation, resulting in the production of numerous tiny transcripts. A degree of stability is obtained when transcription reaches the +9 position, a transition that is known as promoter escape or promoter clearance. This early elongation complex is still prone to mishaps such as transcript slippage, backtracking, and arrest. The additional transitions that take place before formation of a fully mature elongation complex are less well understood.
For a few genes in vivo it has been known that Pol II pauses soon after promoter escape. This promoter-proximal pausing was first described for the Drosophila heat-shock genes (Rougvie and Lis, 1988) . Under noninducing conditions, Pol II fully occupies the HSP70 promoter and transcribes to between +20 and +40 where it pauses. Pol II only resumes transcription under inducing conditions, such as heat shock. This facilitates rapid induction of the gene's expression. Similar mechanisms have been described for a handful of viral and mammalian genes (Saunders et al., 2006) . The recent genome-wide analyses in yeast (Radonjic et al., 2005) , mammalian embryonic stem cells (Bernstein et al., 2006; Guenther et al., 2007; Lee et al., 2006) , mammalian differentiated cells (Guenther et al., 2007) , and Drosophila (Muse et al., 2007; Zeitlinger et al., 2007) indicate that postrecruitment regulation occurs much more often than was previously assumed.
Rapid Induction
Rationalizing observations can sometimes lead to oversimplification, especially at an early stage of investigation. Nevertheless, the functional roles of the groups of genes regulated by postrecruitment mechanisms make sense. In the study of yeast stationary phase, two-thirds of the approximately six hundred inactive genes with prerecruited Pol II are among the genes most rapidly induced upon resumption of growth (Radonjic et al., 2005) . There is enrichment for nutrient transporter genes and gene-specific activators that may be involved in rapid reprogramming of cellular metabolism and preparation for proliferation. This is consistent with the notion that rapid gene induction through postrecruitment regulation has evolved in yeast as a survival strategy to cope with abrupt changes in nutrient availability. Similarly, a notable feature of Drosophila genes with the hallmarks of postrecruitment regulation is a requirement for rapid induction during responses to diverse environmental and developmental stimuli (Muse et al., 2007; Zeitlinger et al., 2007) . Preparation for a rapid induction may not be the only role for promoter-proximal pausing. There are also indications that pausing may be required for correct 5′-end capping of the nascent RNA (Saunders et al., 2006) .
Mechanism
How well do the characteristics of postrecruitment regulation that are observed in the genome-wide studies fit with the previously well-studied examples? The work in Drosophila embryos and S2 cells goes furthest in this respect. For the promoters bound by Pol II, the peak of Pol II binding centers at 50 bp downstream of the transcription start site (Muse et al., 2007; Zeitlinger et al., 2007) . This distance is consistent with promoter-proximal pausing. A second characteristic, the pres- Depicted here from top to bottom are some of the steps that occur during transcription by RNA polymerase II (Pol II; light blue). Other general transcription factors are indicated in orange. The arrow depicts the start site of transcription. The numbers refer to the positions on the DNA template reached by the active site of Pol II, rather than to the average position of the entire Pol II complex. In principle, different steps can be rate limiting and regulated for different genes. Recruitment of the preinitiation complex is the most wellestablished mechanism by which genes are known to be regulated. Recent evidence indicates that a large number of genes are also regulated through promoter-proximal pausing, shown here as the fifth step. As with formation of the preinitiation complex, most of the steps can be further subdivided. For example, initiation requires a promoter opening step and the abortive initiation step includes at least one additional transition.
ence of a stable open transcription bubble of unduplexed DNA immediately downstream of the start site, was also detected by permanganate footprinting on a selection of genes (Muse et al., 2007; Zeitlinger et al., 2007) . Assuming that the selection was unbiased, this leads to the conclusion that at least 10% of Drosophila genes are subject to regulation by promoter-proximal pausing at some stage. This is probably a conservative number given that combining results from both studies leads to higher estimates.
Accurately assessing the portion of genes that are regulated by postrecruitment mechanisms in a variety of model systems is only one of several issues that will be interesting to resolve. The clear demonstration that a much larger number of genes are regulated by at least one postrecruitment mechanism raises the question as to whether steps other than recruitment and promoter-proximal pausing are important points of regulatory control in eukaryotes. Any of the steps that take place during transcription (Figure 1 ) can in principle be rate limiting, either intrinsically or through the action of specific repressors. In prokaryotes, promoter escape is a regulated step (Hsu, 2002) . Although promoter escape by Pol II has been shown to be rate limiting in vitro (Dvir, 2002) , there is scant evidence for this in vivo. Nevertheless, not all of the recent genome-wide studies are in accord with the conclusion that promoter-proximal pausing is the only postrecruitment regulatory mechanism. Upon initiation, Pol II becomes phosphorylated on serine 5 of the heptapeptide repeats of the carboxy-terminal domain of the largest subunit. Lack of this tell-tale initiation marker in stationary-phase yeast (Radonjic et al., 2005) might indicate that Pol II is poised on promoters, rather than paused proximally. The markedly higher proportion of genes reported to have the epigenetic hallmarks of transcription initiation in mammalian cells (Guenther et al., 2007) compared to the studies in Drosophila (Muse et al., 2007; Zeitlinger et al., 2007) could reflect differences in the assays and significance thresholds applied. Another possible interpretation is that the mechanisms differ. Additional experiments are needed to allow for the work in the different species to be compared more easily. This is particularly true for the study in yeast that only included genome-wide analyses of Pol II occupancy and mRNA expression (Radonjic et al., 2005) .
Testing Models across the Genome
Evoking other postrecruitment mechanisms at this stage is speculation that will hopefully drive further investigation. The firm conclusion that can be made is that postrecruitment regulation of transcription by Pol II is much more widespread than previously anticipated. Furthermore, the mechanism for which there is most evidence is promoter-proximal pausing. One lesson that can be drawn is the importance of systematic genome-wide analyses. Widespread postinitiation regulation of transcription may also explain the absence of a strong correlation between the genome-wide localization of gene-specific activators and the activity of the target genes at which they are located. Future studies should survey the frequency of less well-characterized regulatory mechanisms and might reevaluate the mechanisms through which recruitment itself is achieved.
Some observations reported by recent genome analyses are also at odds with other aspects of current models of transcription regulation, which may indicate that further shifts in our understanding will take place. For instance, the number of transcription start sites in the human genome appears to be ten times greater than the number of protein-coding loci, and more than 85% of the genome can be found in a primary transcript (Birney et al., 2007) . Some of these findings may turn out to be artifacts. A recent study showed that at least half of the antisense transcripts initially detected in S. cerevisiae result from spurious second strand cDNA synthesis, which can be countered by addition of Actinomycin D (Perocchi et al., 2007) . Nevertheless, it will be exciting to follow systematic genomewide analyses and judge the degree to which their results agree with established models of transcription regulation.
Promoter-Proximal Pausing
There are also several interesting issues that remain to be addressed with regard to regulation through promoter-proximal pausing. Are these genes regulated solely through pausing mechanisms? Formation of the preinitiation complex already takes place on these genes before induction and is therefore not rate limiting upon initial induction. What occurs upon strong induction? Do high levels of transcription become limited by the rate at which Pol II is re-recruited for multiple rounds of transcription? What about the dynamics of pausing itself? Is the paused Pol II complex stable, or do the peaks of Pol II binding reflect repeated rounds of fast initiation and slower release from the DNA template at the pause position? Another interesting question concerns the degree to which sequence plays a role in promoter-proximal pausing. Mutational analyses of the Drosophila heat-shock gene HSP70 indicate roles for the sequences both of the pause site and of the initiator (Wu et al., 2001) . The identification of hundreds of genes that are prone to promoter-proximal pausing should facilitate computational analyses to determine common DNA sequence characteristics in the vicinity of paused Pol II. This should include a survey for upstream elements linked to alleviating the pause (e.g., Montanuy et al., 2008) .
Pause Control Factors
For previously identified model genes, promoter-proximal pausing is mediated by the action of pause factors (Peterlin and Price, 2006; Saunders et al., 2006; Shilatifard et al., 2003) . These include DRB sensitivity-inducing factor (DSIF) and negative elongation factor (NELF). Both factors were identified by their ability to confer sensitivity to elongation inhibition through the kinase inhibitor DRB. Both are part of the proximal-paused Pol II complex of HSP70. The role of one of these pause control factors was addressed in the recent genome-wide studies. Depletion of NELF in Drosophila S2 cells by RNA interference reduces the number of promoter-proximal paused genes by more than half (Muse et al., 2007) . NELF therefore appears to have a general role in promoter-proximal pausing. Interestingly, upon NELF depletion, Pol II disappears from paused genes and not all these genes show an increase in expression. This may indicate that Pol II recruitment and promoter-proximal pausing are coupled events for genes regulated through NELF.
The factors that alleviate promoter-proximal pausing by DSIF and NELF include TFIIS and the positive transcriptionelongation factor-b complex (P-TEFb, reviewed in Peterlin and Price, 2006) . P-TEFb consists of the cyclin-dependent kinase-9 (Cdk9) and cyclin T. Cdk9 is the kinase inhibited by DRB. Cdk9 phosphorylates serine 2 within the heptapeptide repeats of the carboxy-terminal domain of the largest subunit of Pol II. Cdk9 also phosphorylates NELF and DSIF, leading to dissociation of NELF from paused Pol II and conversion of DSIF into a positive elongation factor. The fact that transcription of a relatively large number of genes is now known to be promoter-proximally paused raises the question of how specific activation is achieved for subsets of these genes. Two likely key steps are recruitment of P-TEFb to the paused complex and regulation of its activity within the complex. Multiple mechanisms of P-TEFb recruitment have been reported, including interaction with gene-specific activators, recruitment through specific chromatin-binding factors, and, in the case of HIV-1, through the action of the RNA binding activator Tat (Peterlin and Price, 2006) . Recruitment of P-TEFb is not necessarily sufficient for alleviating paused Pol II, given that gene-specific inhibition of P-TEFb activity has also been shown (Zhang et al., 2003) .
Pioneering studies of promoter-proximal pausing on a relatively small number of model genes has therefore shown that its regulation is elaborate. Given that only a few model genes have been studied in detail, it is likely that additional positive and negative pause control factors remain to be identified. It will also be interesting to further map similarities between promoter-proximal pausing and the other mechanisms that influence the processivity of Pol II during elongation. Studies of postinitiation regulation have gained momentum and the recent observations draw attention away from mechanisms based on Pol II recruitment. Although it is unclear how far this paradigm will shift, the recent studies certainly alter our view of transcriptional regulation and indicate that more surprises are likely in store.
